gliding in opposite directions. Where the oppositely propagating partial dislocations and interface steps meet, interlinked twin boundaries and incoherent Σ3 grain boundaries form. The newly grown MgAl 2 O 4 grains compete with each other, leading to a growth-selection and successive coarsening of the MgAl 2 O 4 grains. This understanding could help to interpret the interface reaction or phase transformation of a wide range of materials that exhibit a similar hcp/ccp transition.
Introduction
When two solids with different compositions are put into contact at high temperature, they may react and produce an intermediate solid phase at their interface. Such solid-state reactions happen during mineral evolution in nature (Gaidies et al., 2017) , and have also been applied to synthesize functional materials such as oxides (Wu et al., 1987; Zhao et al., 2017) and alloys (Schwarz & Johnson, 1983 ).
During such a solid-state reaction, two processes must occur. One is interface reaction, including all processes that proceed localized at the interface, where the reactant phases are replaced by the product phase. Another one is elemental diffusion, which is required to transfer elements across the growing product layer (Philibert, 1991; Gaidies et al., 2017) . The entire process including interface reaction and elemental diffusion is called reactive diffusion. The layer of the newly grown phase (i.e. the interlayer) can be only a few nanometers thick in semiconductor thin films (Li et al., 2014) and nanomaterials (Fan et al., 2007; 2006) , but can also grow to micrometer-scale such as in oxide ceramics (Hesse, 1987; Keller et al., 2010; Götze et al., 2009 ) and natural minerals (Vernon, 2004; Pitra et al., 2010; Keller et al., 2008; 2006) . In mineralogy, this interlayer is often referred to as a reaction rim, or a corona when the product phase completely encloses one of the reactant minerals.
In general, when the product layer is very thin, material transport across the layer is fast and the supply of chemical components required for reaction progress can be considered to be infinite. At this stage, the interface reaction limits the growth rate, and hence this early growth stage is "interfacereaction controlled" with a linear growth behaviour. When the interlayer grows thicker, the diffusion path becomes successively longer, and elemental diffusion across the interlayer becomes the ratelimiting factor. This late growth stage is thus "diffusion-controlled", and the layer thickness increases with the square root of time, which is referred to as parabolic growth behaviour (Abart & Petrishcheva, 2011) . At all growth stages, the arrangement of atoms at the interfaces between the reactant and the product phases plays a key role in the transformation process. Unravelling the atomic structure of the interfaces is crucial for understanding the kinetics of solid-state reactions . Unless the interface is perfectly coherent, misfit dislocations are needed at the interface to accommodate the mismatch between the two contacting lattices, and they might glide or climb during the interface migration. Glide is conservative, proceeding without the addition or removal of material to or from the interface, whereas climb is non-conservative, requiring the addition or removal of material (Balluffi et al., 2005) . Considering that in interlayer growth, the reaction kinetics evolve from interface-reaction controlled during early stages to diffusion-controlled at late growth stages, it is thus particularly important to understand the evolution of the atomic structures at the reaction fronts.
Due to the simple crystal structures of the phases involved and the feasibility of their growth in the laboratory, the spinel forming reaction, MgO (Periclase) + α-Al 2 O 3 (Corundum) = MgAl 2 O 4 (Spinel), is an ideal model system for studying solid-state reactions (Kotula et al., 1998; Götze et al., 2009; Winterstein et al., 2016) . Besides, the structure of these three common oxides are representative of many other metal oxides used for functional applications (Fernández-García et al., 2004; Sui & Charpentier, 2012; Li et al., 2015; Cao et al., 2016; Zhu et al., 2013; Maiyalagan et al., 2014; Zhao et al., 2017) . All three oxides have closepacked oxygen sublattices (O-sublattices): cubic close-packed (ccp) for both MgO and MgAl 2 O 4 , and pseudo-hexagonal close-packed (hcp) for α-Al 2 O 3 (henceforth abbreviated as Al 2 O 3 ). The ccp lattice is also referred to as the face-centered cubic (fcc) lattice, here we use ccp to emphasise its relation to the hcp variant. In ionic crystals, interlayer growth occurs by the interdiffusion of cations inside a stationary anion sublattice (Koch & Wagner, 1936 (Carter, 1961) , where two Al 3+ are exchanged for three Mg 2+ due to the charge balance requirements (Fig. 1 ).
The atomic configuration at the MgAl 2 O 4 /MgO interface is relatively straightforward as both MgAl 2 O 4 and MgO have ccp O-sublattices (Li, Griffiths et al., 2016) . The Al 2 O 3 /MgAl 2 O 4 interface is more complicated, because the O-sublattice must be transformed at the interface from hcp of Al 2 O 3 to ccp of MgAl 2 O 4 . Two decades ago, transmission electron microscopy (TEM) was used to study the interface structure of this AB 2 O 4 oxide system Hesse, 1987; Hesse et al., 1994; Sieber et al., 1996; Carter & Schmalzried, 1985; Li et al., 1992; Senz et al., 2001) . The configuration of misfit dislocations was shown to be different in different growth stages, playing an important role during the migration of ccp/ccp interfaces. For ccp/ccp interface, migration by dislocation glide was documented as more prominent during the early growth stage, while migration by dislocation climb becomes more prominent during late growth stages Li, Griffiths et al., 2016) . However, the atomic structure and behavior of misfit dislocations at the hcp/ccp interface is still under debate. Theoretical modeling has demonstrated that hcp to ccp transformations can occur by the movement of a set of Shockley partial dislocations, which are associated with slips on the interfacial closed-packed plane (Bhadeshia, 2006; Carter & Schmalzried, 1985; Porter et al., 2009 (Carter & Schmalzried, 1985; Hesse et al., 1994; Sieber et al., 1996) .
The recent development of aberration correctors has improved the resolution of transmission electron microscopes from nm-scale to sub-Å scale, offering unprecedented possibilities for unraveling the detailed structure of interfaces. Revisiting the MgAl 2 O 4 /MgO (ccp/ccp) interface using state-of-art aberration-corrected scanning transmission electron microscopy (STEM) has indeed pushed our knowledge to a finer scale: the MgAl 2 O 4 /MgO interface was shown to have a 3-dimensional scalloped geometry with misfit dislocations located at the cusp positions (Li, Griffiths et al., 2016 (Götze et al., 2014) . The layer thickness increased at a constant rate, representing the "interface-reaction controlled" early growth stages. The overall morphology for this set of samples is shown in (Jeřábek et al., 2014) . The interface structures do not show clear difference in these samples. Fig. 6 is from sample CP28. Figs. 7
and 8 are from sample V27.
Electron microscopy, image processing, modelling and image simulations
For the 10-100 µm thick MgAl 2 O 4 layers representing late growth stages, crystal orientation mapping was performed by electron backscatter diffraction (EBSD) analysis using an EDAX Digiview IV EBSD camera mounted on a FEI Quanta 3D field emission gun scanning electron microscope (SEM), at 15 kV accelerating voltage and ~2 nA probe current (Jeřábek et al., 2014) . A focused ion beam (FIB) with OmniprobeTM 100.7 micromanipulator, equipped on the same SEM, was used to extract specimens from the selected interface areas. Besides the common FIB lift-out with cross-section geometry, a plan-view lift-out geometry was also applied to extract specimens (Li et al., 2018) interface from late growth stage samples (Supplemental Figure 2) . A 30 kV Ga-ion beam at high current (65 nA -1 nA) was used for the pre-cut, then 30 kV Ga-ion beam with lower current (1 nA-50 pA) followed by 5 kV and 2 kV with low-current (48 pA-27 pA) were used to thin the specimens to ~ 70nm. A low-kV (0.5-1 kV) argon-milling device was used for final thinning of the specimens to <50 nm thickness. A Nion UltraSTEM 5 th -order aberration-corrected STEM with sub-Å resolution (Krivanek et al., 2011; was employed to resolve the atomic structure of the interface using accelerating voltage of 100 kV. The probe-forming angle and the inner detector angle for the STEM high angle annular dark field (HAADF) images were approximately 30 and 80 mrad, respectively. To enhance the signal-noise ratio, the experimental images in Fig. 8 were processed as below: STEM image distortions due to instrumental and environmental instabilities were corrected using the IMAGE-WARP procedure ( (Rečnik et al., 2005) ). Then, background intensity variations visible as horizontal stripes were extracted by filtering low frequency signal using the Gatan DigitalMicrograph software and Wiener filter (Kilaas, 1998) . The atomic models for image simulations were built using CrystalMaker software. STEM HAADF Z-contrast image simulations were performed with Q-STEM software (Koch, 2002) , using the experimental electron-optical parameters. More details are available in the supplemental material. The STEM-HAADF image intensity is proportional to ~Z^1.7, where Z is the atomic number (Z) of each atomic column (Pennycook & Nellist, 2011) . However, the key difference between the two interface configurations is the location of the interface, modelling.
An structure type-A and stacking sequence B for structure type-B, the transition from one structure to the other must occur at a surface step with a height equal to an odd number of O stacking sequences.
Indeed, the central type-B interface section in Fig. 3d is separated from the type-A interface sections to the left and right of it by steps respectively seven and one (0001) Al2O3 O layers high. Fig. 4c shows a closer analysis on the step of one (0001) Al2O3 O layer height, which will be further discussed in below section. -] . The configuration of these misfit dislocations is very similar to the partial dislocations in cubic structure, e.g. the partial dislocations inside zincblende CdTe (Li, Poplawsky et al., 2013; .
The step-associated partial dislocation may appear together with gradual transitions between interface types -A and -B as shown in Fig. 3d . Fig. 4 (c1) is a higher-magnification image of the right side step in Fig. 4d . Here the transition from the interface structure type -B to type-A across a step is actually formed by a partial dislocation associated with a type-B step and accompanied by the gradual insertion of an extra O (0001) plane in Al 2 O 3 (Fig. 4 (c2) planes have a misalignment of 7° with the (0001) Al2O3 planes. The Z-contrast image in Fig. 5b shows the atomic configuration at another inclined interface with 7° misorientation between the (0001) Al2O3
and (111) (Li, Griffiths et al., 2016 The Σ3 GBs between MgAl 2 O 4 grains have irregular shapes on the scale of EBSD maps (Fig. 6) . At higher magnifications, however, the Σ3 GBs are clearly formed by facets with specific orientations (Fig. 7) . (Fig. 7a) . The two MgAl 2 O 4 grains in Fig. 7 have a twin OR. The interfaces on the two sides of the triple junction are comprised of interface facets at {111} MgAl2O4 ||{0001} Al2O3 planes and steps that run in opposite directions (Fig. 7b-c) . The boundary between the two MgAl 2 O 4 grains is formed by alternating segments of incoherent Σ3 GBs and TBs ( Fig. 7d-e For both interface structures shown in Fig.7b and c, there are small misalignments between the (111) MgAl2O4 planes and the (0001) Al2O3 planes: 1.2° for Fig. 7b , 0.8° for Fig. 7c . Due to such small misalignments, the interface has to crosscut the stacking sequence in Al 2 O 3 , resulting in an alternation between structure types -A and -B at the interface. One such example is shown on the left side of the triple-junction in Fig. 7(d2) : the interface structure changes from type-A to type-B towards the right direction. Note that the atomic structure at the interface planes is not always sharp, which might be due to the 3D structure of the interface or surface contamination. However, by comparing the columns 2-3 atomic layers away from the interface, we are able to distinguish the interface types ( Fig. 7(d2 Fig. 7e . When TBs terminate at Σ3 GBs, there exists strain. However the middle portions of the TBs show identical atomic structure, suggesting that they are generated in a similar way. The atomic configurations of a TB are shown in Fig. 8(a1) and (b2) structure or vacancy-induced strain (Findlay et al., 2011) . In order to determine the atomic structure of the TBs, experimental Z-contrast images in Fig. 8 Fig. 8 (a2) . The consistency of this TB model was verified in a perpendicular projection, shown in Fig. 8 (b1-4) . Note the absolute intensity on the twin planes in experimental images is not as uniform as in the simulated images, which might be due to variation of O occupancy or local strain.
Discussion

Partial dislocation glide and interface migration
The O-sublattices of Al 2 O 3 and MgAl 2 O 4 may be described as hcp and ccp structures, respectively.
The classical geometry of an interface between a hcp and a ccp lattice has been described by Porter et al. (Porter et al., 2009) (Carter & Schmalzried, 1985; Sieber et al., 1996; Hesse et al., 1994) . This is probably due to the limited resolution of earlier transmission electron microscopes without aberrationcorrection. Moreover, the Burgers vector of partial dislocations is smaller than the Burgers vector of a full dislocation. As a consequence, the strain associated with a partial dislocation is comparatively small and makes structure determination difficult. which is commonly observed between the (111) MgAl2O4 and (0001) Al2O3 planes, leading to an alternation of interface structure types -A and -B, as observed in both early (Fig. 3d, Fig. 4c ) as well as late (Fig. 7b-c Fig. 9 , in which interface structure type-B is used to illustrate the gliding process. The gliding process for interface structure type-A is similar.
Two consecutive moves of glide transform structure 1 to structure 2 and then to structure 3. Structure 3 is in fact identical to structure 1 except that the partial dislocation and the associated interface step have moved sideways by a distance of two AlO 6 octahedrons (see Fig. 9a(1-3) are formed at the previous location of the dislocation core ( Fig. 9(a2) cations. Such partial dislocation migration caused by glide of atomic columns in the dislocation cores has also been observed in CdTe with ccp structure by in-situ STEM (Li, Zhang et al., 2016; Li et al., 2017 (Li, Griffiths et al., 2016) . proposed that this inclined interface structure can be explained because it allows four (11 -4 -) Al 2 O 3 planes to match the spacing of five (400) planes in MgAl 2 O 4 (Sieber et al., 1996; Hesse et al., 1994) .
Although this geometric correspondence of lattice plane spacings exists, the model does not explain how the atoms can attain a low energy structure at the interface. Fig.5 (b) demonstrates that although some planes in Al 2 O 3 coincide with some planes in MgAl 2 O 4 , the atomic structure in-between these coincident planes is messy, as shown by the periodic "voids" at the interface. Meanwhile edge dislocations are present for such interfaces. In order for such an interface to migrate, all the atoms need to be rearranged, and edge dislocations need to climb, which requires more energy than dislocation gliding. Another explanation inferred that the inclined interfacial structure forms in order to accommodate in-plane lattice mismatch at the interface (Carter & Schmalzried, 1985) . The inclined interfacial structure indeed helps to accommodate lattice mismatch at the interface, but even the observed maximum angle (7°) would not be large enough to compensate for the entire 3.76% mismatch between Al 2 O 3 and MgAl 2 O 4 lattices. Therefore misfit dislocations are still needed, which explains why we observe edge dislocations at inclined interfaces in Fig. 5 .
Our results show that this misalignment only exists during the early growth stages, and is absent in the late growth stages, suggesting such structural change results from the change in the growth mechanism as the growth proceeds. Both edge and partial dislocations are observed in the early growth stage, while mainly partial dislocations are observed at the late growth stage. Because edge dislocations climb and partial dislocations glide, such evolution of interface structure from early to late growth stages indicates the evolution of the migration mechanism from mixed climbing+gliding towards mostly gliding. Note the glide and climb mechanisms refer to the O-sublattices, and Al-Mg cation interdiffusion is necessary for both.
As the thickness of the growing MgAl 2 O 4 layer increases, the growth switches from interfacereaction-controlled to diffusion-controlled Fig. 7) are strong proof of the gliding mechanism. This is fundamentally different from the situation at the MgO/MgAl 2 O 4 ccp/ccp interface for which gliding growth is preferred at the early stage while climbing growth is dominant at the late growth stage Li, Griffiths et al., 2016) . (Daneu et al., 2007; Drev et al., 2013) , where the twinning is accomplished by 180° rotation around the [111] axis. It is also different from the twin structure reported in other spinel structures, such as twins in magnetite (Gilks et al., 2016) . Furthermore, some reported natural (111) twin boundaries in spinel are chemically induced by incorporation of Be 2+ that replaces Mg 2+ on the tetrahedral sites in the local hcp stacking, as demonstrated by (Daneu et al., 2007; Drev et al., 2013) . Here, the TB is free from any dopant. Similar TB structures would be expected in other pure spinels (Hornstra, 1960) .
Impact for further work
The above results illustrate how understanding interface structures can lead to an understanding of solid-state reaction kinetics. The present atomic interface structures also supply a good basis for further theoretical work such as density functional theory (DFT) and molecular dynamic (MD)
calculations. Furthermore, this new understanding of the interface structure and migration mechanism in the present materials sheds light on many other systems that involve hcp/ccp interface transformations, not only oxide/oxide interfaces as discussed in this paper and other oxide interfaces (Zhou et al., 2017) , but also metal/oxide interfaces such as the Al 2 O 3 /Al interface (Pilania et al., 2014) , or metal/metal interfaces such as in Ru/Pt core/shell nanoparticles (Hsieh et al., 2013 (hematite, hcp O-sublattice similar to α-Al 2 O 3 ). The transitions from the first two structures to the α-Fe 2 O 3 structure both involve migration of a hcp/ccp interface (Kachi et al., 1963; Genuzio et al., 2016) , which happen under high temperature annealing. Another example is the metal titanium, which changes phase from hcp to ccp during room temperature rolling of thin titanium plates . It has also been reported that similar hcp/ccp phase changes can also happen in ambient conditions for gold square sheets via surface ligand exchange or surface coating (Fan et al., 2015) .
Another common type of hcp/ccp phase change is the wurtzite/zinc-blende phase change in semiconductors such as Si, InP, CdTe, Cd x Zn 1-x S, etc Li et al., 2014; Wood & Sansoz, 2012; Bakke et al., 2011; Akopian et al., 2010; Bao et al., 2008; Murayama & Nakayama, 1994 
